During the first stage of infection, the paramyxovirus Sendai virus attaches to host cells by recognizing specific receptors on the cell surface. Productive virus-cell interactions result in membrane fusion between the viral envelope and the cell surface membrane. It has recently been shown that the ganglioside GD1a and its more complex homologs GT1b and GQ1b are cell surface receptors for Sendai virus. We report in this paper that the temperature-sensitive mutant ts271 of the Enders strain of Sendai virus lacks the viral attachment protein HN and the biological activities of hemagglutination and sialidase activity associated with it when the virus is grown at 38°C. This HN-virus was unable to infect or agglutinate conventional host cells that contained receptor gangliosides and were readily infected by the parental wildtype virus. The HN-virus did, however, attach to and infect Hep G2 cells, a line of hepatoma cells that retains the asialoglycoprotein receptor (ASGP-R) upon continuous culture. This receptor is a mammalian lectin that recognizes galactose-or Nacetylgalactosamine-terminated proteins. In accordance with the known properties of this receptor, infection by the HNvirus was abolished by treatment of Hep G2 cells with sialidase, by the presence of Ca21 chelators, and by competition with N-acetylgalactosamine, asialoorosomucoid, and antibody to the receptor. F, the only glycoprotein on the HN-virus, was shown to compete with the galactose-terminated protein asialoorosomucoid for the ASGP-R. The ability of the HN-virus to cause cell-cell fusion of Hep G2 cells indicated that attachment of this virus to the ASGP-R still permitted viral entry by its usual mode-i.e., membrane fusion at the cell surface. These results open up the possibility that enveloped viruses, which contain glycosylated proteins or lipids, may make use of naturally occurring lectins in addition to their normal receptors as a means of attachment to host cells.
The entry of enveloped viruses into cells occurs by at least two general routes, both dependent on the recognition of specific cell surface receptors and membrane fusion. The togaviruses, rhabdoviruses, and myxoviruses enter cells via adsorptive endocytosis, a process that delivers the entire virus particle to the intracellular endosomal compartments (1-4). Viral membrane fusion with the endosomal membrane is dependent on acidification (to pH [5] [6] of this compartment (5) and is mediated by the viral spike glycoproteins (6, 7) . On the other hand, adsorption and membrane fusion of the paramyxoviruses, such as Sendai virus, occurs at neutral pH at the cell surface (8) , allowing direct release of the viral capsid into the cytoplasm.
Wild-type (wt) Sendai virus contains only two glycoproteins, HN and F, in its lipid envelope. These form the viral spikes and are known to function during the adsorption-fusion phase of infection. The HN protein of paramyxoviruses contains the receptor-recognition and receptor-destroying (sialidase) activities of the virus (9) (10) (11) . Recently members of the gangliotetraose family of gangliosides have been identified as receptors for Sendai virus (12) and as substrates for the viral sialidase (13) . It has been suggested that the action of the viral sialidase on the first host cell receptor for HN creates a second cell receptor for F (14) . The availability of the temperature-sensitive mutant ts271, a mutant devoid of HN protein when grown at the restrictive temperature (15) , provides a system in which the roles of HN and F in adsorption and membrane fusion could be separately examined. This mutant does not infect conventional host cells, which are readily infected by the wt virus (16) . The F protein, the only glycoprotein of the mutant, contains a terminal galactose moiety (17) and thus is a likely ligand for recognition by the hepatic asialoglycoprotein receptor (ASGP-R), a mammalian lectin that specifically recognizes proteins terminal in galactose or N-acetylgalactosamine (18) . Therefore, the human hepatoma Hep G2 cell system, which expresses abundant ASGP-R (19), was investigated as a special host for Sendai virus, which might support infection, by having F serve as its own attachment factor.
MATERIALS AND METHODS
Virus and Cells. The origin of the ts271 mutant has been described (20) . When grown at 30'C, this virus contains the HN protein and infects conventional host cells. When produced at 380C, the virus is devoid of HN and noninfectious (15, 16) . For this study, wt and ts271 viruses were propagated in chicken embryo lung cell monolayer cultures at 30 or 380C. Virus production was quantified by hemagglutination (HA) titer using chicken erythrocytes for wt and ts271 (30°C) viruses and by protein determination for the purified ts271 (38°C) virus. For analysis of their polypeptides by PAGE, viruses were radiolabeled using [35S]methionine (25 ,uCi/ml, 1200 Ci/mmol; 1 Ci = 37 GBq; Amersham), then purified by differential and isopycnic centrifugation as described (21) . Sialidase activity of the purified viral preparations was assayed using [3H]sialyllactitol as a substrate (22 
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scribed (6) (23) . Agalactoasialoorosomucoid (AGASOR) was a gift of G. Ashwell. N-acetylglucosamine and N-acetylgalactosamine were purchased from J. T. Baker Chemical (Phillipsburg, NJ). Monospecific polyclonal rabbit anti-rat or anti-human ASGP-R were raised to purified receptor species and affinity purified as described (24, 25) .
Hep G2 cells were washed twice with chilled incubation medium, then the various ligands (OR, ASOR, AGASOR, N-acetylglucosamine, N-acetylgalactosamine, or anti-ASGP-R antibody) were added in cold incubation medium containing cytochrome c at 1 mg/ml. After 1 hr at 4°C, the infecting virus was added without removal of the ligand. The incubation was continued for an additional 30 min at 4°C. 125I-labeled ASOR (6800 cpm/ng of protein) was added to a final concentration of 60 ng/ml (0.086 x Kd) in the presence of the competing ligands for 2 hr at 40C. The cells were washed and the specific binding of 125I-labeled ASOR was quantified as described (19) .
RESULTS
Characterization of the HN-Virus. The ts271 (380C) virus had no detectable HA activity (Table 1) , and the HN polypeptide was absent in this virus although it was readily detectable in the wt virus sample containing the same amount of viral protein (Fig. 1) . In addition to the HA activity, the HN protein also contains the sialidase activity of the virus. When a sensitive radioactive assay (22) The ability of the HN-and wt viruses to cause hemagglutination was tested using chicken erythrocytes. Sialidase activities of the two viruses were quantified using [3H]sialyllactitol as the substrate in a radioactivity assay (22) . Infection of host cells was measured by the production of progeny virus (hemagglutination units/ml). All assays were done in quadruplicate. 21 The ability of whole [wt or ts271 (380C)] virus or solubilized glycoprotein to compete with ASOR for the ASGP-R was tested by using radiolabeled ligand at a concentration of 60 ng/ml. Results are expressed as percent of control (no addition); 100% is 3.0 ng of ASOR/mg of cell protein.
cies of galactose-terminated proteins (HN and F) , and the solubilized proteins themselves were able to effectively compete with '251-labeled ASOR for the ASGP-R (Table 4) , as did also the whole HN-virus and the F protein solubilized from it.11
Mode of Infectious Entry: Meinbrane Fusion or Adsorptive Endocytosis. Enveloped viruses enter their host cells by at least two routes. For Sendai virus, the normal route of infection is via a membrane fusion event at the cell surface (29) with concomitant release of the virus nucleocapsid directly into the cytoplasm (Fig. 3) . This is in contrast to many other viruses, such as the togaviruses, rhabdoviruses, and myxoviruses, which use adsorptive endocytosis coupled with intracellular membrane fusion at acidic pH for their infectious route of entry (4) . Hep G2 cells were infected by a mutant of Sendai virus lacking its normal attachment protein and by a route that bypassed its normal ganglioside receptors. It therefore became of interest to further investigate how this virus was effecting its entry to produce infection of Hep G2 cells.
IControls indicated that the decrease in 125I-ASOR binding was not the result of the nonspecific binding of ASOR to virus or viral protein which would make it unavailable for receptor binding (data not shown). (Fig. 4) . This demonstrates the ability of the virus to cause membrane fusion in the absence of HN protein.
DISCUSSION
The availability of a ts mutant of Sendai virus devoid of HN protein and of a special host system for this virus has allowed us to investigate the roles of HN and F in adsorption and fusion. The fact that the HN-virus productively infects Hep G2 cells via membrane fusion indicates that F alone is sufficient for the fusion event and limits the essential role of HN to adsorption. Neither an interaction between HN and F nor the activity of a viral sialidase is apparently needed during the entry phase of the infectious process, as shown in this host system.
The suggestion that HN is essential not only for viral attachment but also for envelope-cell fusion was based on past studies using model systems either for the virus (such as viral glycoproteins incorporated into liposomes) or for the host (such as erythrocytes). In these studies the absence of the HN subunit as a result of its destruction on the intact virus by treatment with dithiothreitol (30) (34, 35) . Schulze (36) has also shown that influenza virions devoid of sialidase activity, which were obtained by removing the sialidase spikes from the whole virus by trypsinization, were fully infectious. Although the viral sialidase activity does not appear to be essential for the entry phase of infection in the host system used in the present study and the others cited, it should be realized that these host systems are simplified ones. In vivo, the viral sialidase may play a crucial role in releasing inoculating virus from nonproductive binding to sialoglycoproteins present as mucins and in the extracellular matrix.
The results of the competition binding experiments on the infection of Hep G2 cells by the HN-virus supports the involvement of the ASGP-R. The fact that >99% of Hep G2 cells became infected when equivalent amounts of wt or HNviruses were added indicates that both receptor systems in Hep G2 cells are apparently equally effective in virus adsorption leading to infection. The ability of the HN-virus to cause cell-cell fusion of Hep G2 cells in the neutral pH range shows that attachment of the HN-virus to the ASGP-R produces membrane fusion. This makes Sendai virus a rather Unique ligand for this lectin. All of the other galactose-or Nacetylgalactosamine-terminated ligands recognized by the ASGP-R are internalized by adsorptive endocytosis (37 
